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Abstract 
The concept of using low temperature solar heated water to produce electricity is not new but so far very few 
attempts have been made to produce continuous power (24 hours - 7days) from low grade solar thermal systems. In 
this study we are looking at continuous electricity production during not only sunny days but also night times and or 
cloudy days. 
Thermoelectric technology has a good potential for reliable electricity generation form low temperature heat source 
like solar heated hot water. 
A series of “electricity generation apparatus inside thermoelectric” abbreviated as ELEGANT have been designed 
and fabricated and the latest, ELEGANT-24 which produces almost 22 W(e)  and comprises 24 market-available 
Peltier module, operating as generator, successfully operated for two months. 
Eight evacuated tube solar collectors are used to heat the water up and then store into an insulated storage tank during 
day time. In this period ELEGANT-24 uses outlet hot water of solar collectors, as a source of heat. Cold water from a 
non-insulated storage tank passes ELEGANT-24 in as coolant and gets preheated and then enters the solar collectors 
thru same non-insulated tank. This pre-heated water entered into the collector helps to improve the overall energy 
conversion efficiency of the whole system. Through this process heat is converted to electricity with minimum heat 
loss. 
This process can be continued during night time while hot water is supplied through circulating of insulated storage 
tank. 
As well as addressing base load power production, above configuration dramatically increases the efficiency of heat 
to electricity conversion via thermoelectric technology. This is due to that dissipated heat from cold side of TEGs 
would not be wasted and goes back to the heating circle. It means that except very small heat loss through walls of 
ELEGANT-24 and piping, there is no other heat loss.  
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1. Introduction 
A major portion of the world’s electricity production is still fossil-fuel based, but higher fossil-fuel prices 
together with increasing concerns over energy security and climate change will boost the share of 
renewable-based electricity in the future years [1]. Contemporary, thermoelectric generation devices offer 
a potential for generating this kind of electricity. 
A thermoelectric generator is a unique heat engine, in which charge carriers serve as the working fluid. 
Except for specialised situations where reliability is a major concern like spaceship’s power source , most 
recent developments in applications of thermoelectric in electrical power generation, due to relatively low 
conversion efficiency of thermoelectric modules, have occurred in fields related to high temperature 
thermoelectric waste heat recovery through recovery of either exhaust heat in the automotive industry or 
emissions from industrial utilities since it is unnecessary to consider the cost of input thermal energy. 
Concentration on these areas is at the expense of the wider exploitations of thermoelectric conversion 
with other sources of thermal energy, and in particular natural occurring and low temperature heat, 
receiving little, if any, attention. [2]. 
In the other side, solar energy is the most fascinating and promising renewable energy. It is a good and 
clean source of energy to be used in a solar-thermal electricity system. In this paper, the detailed design of 
a cogeneration system using evacuated tube solar collector (ETSC), thermoelectric generator modules, 
and thermal storage system to provide electric power as well as hot water, is presented.  
 
2. Principles of thermoelectric power generation  
Thermoelectrics is defined as the science and technology associated with thermoelectric electricity 
generation (Seebeck effect) and refrigeration (Peltier effect)[3]. A thermoelectric generator is a solid state 
heat engine in which electron gas serves as the working fluid and converts a flow of heat to electricity. 
Thermoelectric generators have several major advantages including being highly reliable, having no 
moving or complex parts, being environmentally friendly, being maintenance free and silent in operation, 
having no position-dependence, having long life cycle (more than 100,000 hour steady-state operation), 
being light and having modular structure as well as adaptability for various sources and types of fuel [4] 
[5]. 
 Simplest generator is consisting of a single thermocouple with legs or thermoelements made up from n-
type and p-type semiconductors. In practice a large number of thermocouples are connected electrically in 
series and thermally in parallel by sandwiching them between two high thermal conductivity but low 
electrical conductivity ceramic plates to form a module so called thermoelectric generator module (TEG) 
as shown in Figure 1. 
  
2114   Amir Yadollah Faraji et al. /  Energy Procedia  57 ( 2014 )  2112 – 2120 
 
Figure 1: Schematic of a commercial thermoelectric generator module 
A module is the building–block of a thermoelectric conversion system and its general construction is very 
similar for both generation and refrigeration applications. Ideally the geometry of the thermoelements 
should be wire–like (long and thin) for generation and squat (short and fat) for refrigeration [6]. Bismuth 
Telluride  is the most common material available on the market. It is used for ambient 
temperature applications and is available at a reasonable price. New materials, such as clathrates, 
skutterudites, alloys Heusler, phases of Chevrel and oxides, offering great potential are currently being 
developed [2]. 
 
 When heat flows through the thermocouples, the N-type semiconductors are loaded negatively (excess of 
electrons) and P-type components are loaded positively (excess of holes), resulting in the formation of an 
electric flow. The efficiency of a thermoelectric generator is defined as: 
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Conveniently the efficiency can also be expressed as a function of the temperature at which it is operated 
and a so called ‘goodness factor’ or thermoelectric figure-of-merit of the thermocouple material Z. 
O
VD 2 Z       (2) 
where VD 2  is referred as the electrical power factor. 
T
V
'
' D  is the Seebeck coefficient,V  is the 
electrical conductivity ( 11 m. : ) and O  is the total thermal conductivity ( 11 m.W.K  ). 
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The figure-of-merit is often expressed in its dimensionless form, ZT, where T is absolute temperature (K). 
The highest measured ZT for a thermocouple fabricated from n-type and p- bismuth telluride known to be 
less than unity. However, in a few new materials it is possible to achieve a value greater than unity for 
example 1.3. The best measured value in a bulk material (such as skutterudite) reported as 1.7 [7]. 
  
Conversion efficiency for a thermoelectric generator, is given by: 
 
  (3) 
  
Where , hT  and cT  are the temperatures of the hot and cold side of the thermoelectric generator, 
respectively, and Z is average figure-of-merit of thermoelements and  Interestingly, first 
fraction in the right hand side of above equation is Carnot efficiency. 
 
Consider a particular case with average Z    , and hT =400 K. We 
find that efficiency of the module is about % 4.1 for thermal to electrical conversion. 
 
3. Solar-thermoelectric cogeneration system 
The concept of converting low temperature heat into thermoelectricity is not new. The use of 
thermoelectrics as an OTEC (ocean thermal energy conversion) was announced in 1974 [8].  T. Durst and 
colleagues first proposed a thermoelectric generator system operating in conjunction with a tubular solar 
collector in 1982 [9]. Later, Rowe and colleagues from Cardiff University have also done some 
researches in this field [10]. 
In a thermoelectric generator system with specific semiconductor material, for example bismuth-telluride 
alloy, thermal to electricity conversion efficiency is a function of operating temperature difference. As 
equation 2 shows, an increase in temperature difference provides a corresponding increase in available 
heat for conversion as dictated be the Carnot efficiency, so large temperature difference are desirable[11]. 
However in most renewable heat sources like solar heating system and geothermal systems the maximum 
temperature is less than 150  so many interests have been shown on low temperature conversion which 
there is still merits due to almost free energy source. 
In this research water-based evacuated tube solar collectors were used to collect solar energy as per hot 
water. In addition, a prototype thermoelectric power generator with 24 TEG modules has been designed 
and fabricated to convert thermal energy of hot water to electricity.  
However, to cover major drawback of solar-electricity systems which is laid under their intermittent 
nature because of absence of energy source during night time, we introduce a thermal storage system to 
store heated water during day time and let it be used at night time as power source. With this 
configuration we are able to address base-load electricity. 
In power distribution, base load electricity may be defined as the amount of electric power required to 
meet minimum demands of a consumer. For example, for a small house in mild weather area, average 
base load electric power is between 5 to 6 KWh per day considering minimum electric home appliances. 
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4. System configuration  
Figure 3 shows schematic diagram of the proposed solar-thermoelectric co-generation system. In addition 
to instrumentation and control, the system consists of three main parts:  
1. Evacuated tube solar collectors; 
2. Storage tanks; and 
3. Thermoelectric generator (ELEGANT). 
 
 
Figure 2: Schematic of the proposed base load solar-thermoelectric co-generation system 
4.1. Evacuated tube solar collectors (ETSC) & Storage tanks 
Eight ETSC connected in series-parallel combination (two banks of collectors in parallel, each bank 
consists of four collectors in series) was used to heat the water up. Figure 3 shows a photograph of an 
ETSC employed in this research and Table 1 shows specifications of this collector. 
 
 Amir Yadollah Faraji et al. /  Energy Procedia  57 ( 2014 )  2112 – 2120 2117
 
Figure 3: Front view of the eight ETSC installed at RMIT University 
 
Table 1: Specification of an ETSC 
 
To store hot and cold water, two different tanks were used. For hot water storage a 460 litre steel tank and 
for cold water a 550 litre polyethylene tank have been used. Hot water tank was insulated thoroughly 
using sticking insulation material made from polyester fibre with thermal resistance of 2.5 m²K/W. 
4.2. Thermoelectric generator (ELEGANT) 
Figure 4 shows cross section view of an ELEGANT. In this research an ELEGANT-24 has been used. 
Three rectangular aluminium channels, each with dimension of 500×25×3 mm, clamp 24 market-
available thermoelectric cooler module (which been set to operate as power generator). Thermoelectric 
modules are electrically connected in series so that total output voltage is sum of TEG module individual 
voltages. 
Hot water passes through middle channel and cold water, as coolant, passes through two other side 
channels. With this configuration one side of every TEG module gets heated and the other side cools 
down so that cold water channels work as heat sinks for TEGs. 
In order to reduce thermal contact resistance between modules’ and channels’ surfaces, high conductivity 
thermal paste has been applied uniformly on the both sides of thermoelectric modules.  
Size W×L×H (m) 1.9×2.1×0.15 Dry mass (kg) 97 
Tubes per collector 16 Solar aperture (m²) 2.95 
Tube dimension (mm) Ф100×2015 Peak output (kW) 2.35 
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Figure 4: Cross section view of ELEGANT (for simplicity insulations are not shown) 
Besides, 12mm thick polystyrene insulation is used to minimize thermal convection between channels 
and surrounding. Figure 5 shows a photograph of ELEGANT-24 used in this study. 
 
 
Figure 5: Photograph of ELEGANT-24 during laboratory test 
5. Field test of solar-thermoelectric cogeneration system 
Solar energy was collected by water flowing through eight evacuated tube solar collector, installed in 
series-parallel combination, located in renewable energy park of RMIT University of Melbourne. Main 
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parameters affecting the output temperature of the solar collectors under a given water flow rate were 
found to be time of the day and cloud cover. In a sunny day of April (12 April 2013) tanks filed with 
water of 23°C. Test started from 8:30 AM while solar radiation on plane of collectors was around 
270W/m². At solar noon (around 12:20 PM) solar radiation approached to 1050 W/m². The sunset time 
was around 18:00 PM. During this period of time solar collectors have been exposed to a total amount of 
around 5900 W/m² solar radiation in their plane. Also, in this period, the maximum open circuit output 
voltage of ELEGANT was measured at 57V DC. To measure output power an electronic load connected 
to the output and manually set to maximum output power. Figure 6 depicts output power of ELEGANT at 
different time of the day and night.  
 
 
Figure 6: Output power of ELEGANT-24 for time stared 8:30 AM at 12th April 2013 
Conclusions 
Concentration on thermoelectric power generation in fields related to high temperature thermoelectric 
waste heat recovery through recovery of either exhaust heat in the automotive industry or emissions from 
industrial utilities is at the expense of the wider exploitations of thermoelectric conversion with other 
sources of thermal energy, and in particular natural occurring and low temperature heat, receiving little, if 
any, attention. This study, however, introduced a new system to produce thermoelectricity from a low 
temperature source; evacuated tube solar collector with maximum temperature of 90°C. In this 
combination electricity can be produced even in night time while using stored hot water. Improvements 
need to be made in order to: (1) using maximum power point tracker in the output of ELEGAN to gain 
maximum electric output based on matched load rule, (2) restrict energy loss associated with storage tank 
and circulation of the heating water. 
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